D irectional coronary atherectomy was developed by John
Simpson in the late 1980s as a way to excise (rather than simply displace) obstructive coronary atheroma, providing an alternative to conventional balloon angioplasty. After approval was obtained from the Food and Drug Administration in October 1990, two randomized trials compared DCA with conventional balloon angioplasty for the treatment of de novo native coronary lesions (CAVEAT 1 and CCAT 2 ). The failure of these randomized trials to show significant benefit of DCA over conventional balloon angioplasty has generally been interpreted as a condemnation of this new technology. 3 
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Although the designs of the two early randomized trials of DCA were sound, they may not have taken full advantage of the potential of this device. Concern that deep-tissue resection (media and adventitia) might cause clinical perforation or increased late tissue proliferation 4 (and thus increased restenosis) biased the technique toward the use of relatively small cutter sizes (53% of devices in CAVEAT were smaller than 7F) and limited tissue resection. Concern that balloon postdilation would cause more vessel injury than DCA alone led to avoidance of adjunctive postdilation. The resulting atherectomy technique thus produced smaller posttreatment luminal diameter (2.02 mm), higher residual diameter stenoses (29%), and higher angiographic restenosis (50%) for CAVEAT DCA than had been reported by several singlecenter experiences in which 7F devices and adjunctive balloon postdilation were used more commonly. 5 It was not clear whether these differences in technique explained the observed differences in procedure efficacy or whether the single-center reports simply represented flawed data collected outside the realm of a randomized clinical trial.
To further evaluate the outcomes of optimal directional atherectomy 6 (using 7F devices and liberal use of adjunctive balloon postdilation to obtain Ͻ20% short-term posttreatment residual stenosis), subsequent investigations have been undertaken. OARS was a four-center, 200-patient registry in which serial angiographic and intravascular ultrasound measurements were obtained during DCA procedures and at 6-month follow-up, described elsewhere. 7 BOAT, the results of which are described in this report, was a 1000-patient randomized clinical trial comparing the optimal DCA technique with conventional balloon angioplasty, with a primary end point of reduction in late (6-month) angiographic restenosis.
Methods

Site Selection and Training
Because BOAT was a study of a technique of use (not just which device was used), special care was taken to familiarize the BOAT operators with the optimal atherectomy technique. As in the earlier OARS registry, the main principles were (1) to use 7F cutters as the final device in the study vessels, (2) to remove as much tissue as considered safe by the operator, (3) to complete the procedure by postdilation with a full-sized conventional angioplasty balloon (balloon:artery ratio of 1.0 to 1.2), and (4) to obtain a final residual stenosis Ͻ20% whenever possible. 6 Use of intravascular ultrasound was allowed but neither encouraged nor required (12.9% of DCA cases). Each operator at the 37 participating centers (see "Appendix") was required to perform five "pilot" procedures according to these principles and to submit the procedural films to the angiographic core laboratory for review before beginning randomization in the BOAT study. The short-term clinical and angiographic results of this 192-patient pilot phase have been reported previously. 8 
Study Design
BOAT was a randomized clinical trial comparing the optimal directional atherectomy technique with conventional balloon angioplasty. Inclusion criteria included a focal, noncalcified, de novo lesion in a native coronary artery of adequate caliber (Ն3.0 mm by visual estimate to allow the use of a 7F cutter as the final atherectomy device) in a patient with stable or unstable angina at least 5 days after MI. Exclusion criteria included bifurcated lesion, multiple lesion treatment, stroke within 3 months, and peripheral vascular disease that precluded use of a 10F arterial sheath.
Eligible patients were invited to participate in the trial, and informed consent was obtained under a protocol approved by the institutional review board at each participating center. Patients were then assigned randomly (with equal probability of DCA or PTCA, stratified by clinical site and history of diabetes mellitus). Detailed case report forms concerning baseline demographic and clinical data, procedural details, and in-hospital outcome (including routine ascertainment of CPK and CPK-MB before treatment, 4 to 6 hours after the procedure, and at the earlier of hospital discharge or 24 hours after the procedure; further determinations were required if either CPK or CPK-MB was elevated) were completed by the clinical coordinator at each site and submitted to the data coordinating center (the Cardiovascular Data Analysis Center, Boston, Mass).
All cineangiograms were forwarded to the Washington Hospital Center Angiographic Core Laboratory for analysis. Baseline and postprocedural morphology was recorded by use of standard criteria. 9 Selected cine frames that demonstrated the stenosis most clearly were digitized and analyzed by observers who were blinded to the treatment strategy. Reference and minimal lumen diameters were determined with the use of the cardiovascular measurement system (CMS) using the contrast-filled injection catheter as the calibration standard. 10 All ECGs were reviewed by the ECG core laboratory (Beth Israel Deaconess Medical Center, Boston, Mass) for development of new pathological Q waves or persistent ST segment or T-wave abnormalities by electrocardiographers blinded to treatment assignment and clinical events.
Clinical follow-up was obtained at 6 weeks, 6 months, 9 months, and 1 year for the occurrence of an adverse cardiac event (death, MI, or any repeat revascularization procedure). The potential relationships of such complications and repeat revascularizations to the index randomized treatment strategy and target site were adjudicated by a clinical events committee blinded to treatment assignment.
Angiographic follow-up was obtained routinely at 6 months, unless earlier follow-up was required clinically and demonstrated restenosis (Ն50% stenosis by core laboratory analysis) of the treated site, or it was performed at least 4 months after the index treatment. The only patients exempted from angiographic follow-up were those undergoing periprocedural CABG or who died Ͻ6 months after the index procedure. Renarrowing of the target site during the first 14 days after the procedure was considered subacute closure rather than restenosis, and these patients remained eligible for angiographic follow-up (unless treated with bypass surgery).
The prespecified primary end point was angiographic restenosis (late diameter stenosis Ն50% by core laboratory assessment). Secondary end points included measures of short-term procedural success and safety, clinical restenosis surrogates, and clinical status at 1 year. Deaths were classified as acute (Յ30 days after the procedure) or late; all deaths were considered cardiac unless clearly attributable to a noncardiac cause. Documentation by the ECG core laboratory of new, pathological Q waves in two or more contiguous leads associated with any elevation of CPK-MB was required for the diagnosis of a Q-wave MI. Non-Q-wave MIs were determined with the use of a ratio of peak periprocedural CPK-MB to the upper limit of normal for each clinical institution. The need for CABG or use of a nonrandomized bailout device (stenting in either arm of the study or use of DCA in the PTCA arm) was judged as emergent if it was performed for overt or threatened abrupt closure. Overt closure was defined as persistently reduced coronary flow (TIMI grade 0 or 1) due to mechanical complication that led to emergency CABG or use of a bailout device or resulted in a major complication (death, Q-wave MI, or large non-Q-wave MI). Threatened abrupt closure was diagnosed by the presence of an NHLBI grade B dissection and Ն50% diameter stenosis or a dissection of NHLBI grade C or worse. Repeat revascularizations of restenotic target sites (Ն50% diameter stenosis by core laboratory analysis Ͼ14 days after the index treatment) in patients with recurrent angina and/or positive functional ischemia studies or treatment of target lesions with Ն70% diameter stenosis (by core laboratory) were considered to represent clinically driven TSRs. Similar clinical criteria were used to adjudicate the clinical need for TVR, which included treatment of the target site or lesions elsewhere in the same major epicardial coronary artery or its branches. A composite end point of TVF was defined as clinically driven TVR or the occurrence of death or Q-wave MI not clearly attributable to another major epicardial coronary artery. 
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Statistical Considerations
This study was designed to detect a 20% relative reduction in the primary end point of angiographic restenosis (from 40% in the PTCA arm to 30% in the DCA arm) in anticipation of an 80% angiographic follow-up. To achieve a power of 80% using a two-sided level of significance of 5%, 494 patients would need to be randomized to each treatment group; hence, the planned sample size was 1000 patients. All analyses used intent-to-treat samples. Continuous variables were examined by use of t tests or Wilcoxon nonparametric tests. Binary and polychotomous variables were examined by use of Fisher's exact and 2 tests. Survival estimates were computed by use of Kaplan-Meier methods and compared by use of log-rank test. Predictors of binary restenosis were examined by use of multivariate logistic regression models. 11 Changes in angiographic minimal lumen diameter and the loss index were analyzed by use of multivariate linear regression models. 12 Continuous measures are summarized as meanϮSD; frequencies are displayed as counts and percentages. A two-sided value of PՅ.05 was required for statistical significance. All statistical analyses were performed with the use of SAS for Windows (versions 6.08 to 6.12, SAS Institute).
Results
Patient Characteristics
Recruitment lasted from May 1994 through November 1995, resulting in the enrollment and randomization of 1000 patients. Deregistration occurred for 11 patients (8 in the DCA and 3 in the PTCA arm of the study) owing to documentation of lesion diameter stenosis Ͻ50% before treatment (nϭ7), withdrawal of patient consent (nϭ2), participation in another trial (nϭ1), or need to treat a second lesion (nϭ1). The study population thus consisted of 989 patients (497 randomized to DCA and 492 to PTCA). Baseline demographic and clinical data are shown in Table 1 . Baseline angiographic characteristics are shown in Table 2 .
Procedure Performance
Directional atherectomy was performed using 19.5Ϯ11.8 cuts during 2.5Ϯ1.7 introductions of a device. In 95% of procedures, final device size was 7F with a 6F GTO cutter used in the remaining 5% of procedures. Balloon postdilation using a balloon:artery ratio of 1.05Ϯ0.20 was used in 392 (81%) of the 486 lesions undergoing DCA, with no further treatment beyond DCA in 94 lesions. Adjunctive balloon treatment was used for abrupt closure in 9 patients (1.8%), threatened abrupt closure in 24 (4.8%), unsuccessful DCA procedure (Ͼ50% residual stenosis) in 8 (1.6%), suboptimal DCA (residual stenosis 20% to 50%) in 151 (30.4%), and further improvement of optimal DCA (Ͻ20% residual stenosis) in 197 (39.6%). In the conventional angioplasty arm of the study, the balloon:artery ratio was 1.03Ϯ0.12 (as determined by the core laboratory).
Short-term Results
Reference vessel diameter (3.25 versus 3.20 mm) and pretreatment minimal lumen diameter (1.07 versus 1.04 mm) were identical in the DCA and PTCA arms. Lesion success (posttreatment diameter stenosis Ͻ50%) was obtained in 99% of DCA and 97% of PTCA patients (Pϭ.02). This entailed the use of an unplanned device in 26 DCA patients (5.2%; all stents) and 60 PTCA patients (12.2%, including 46 [9.3%] stents and 14 [2.9%] DCA) (PϽ.0001). Unplanned device use was blindly adjudicated by the clinical events committee as being performed on an emergency basis (ie, to avoid emergency surgery) in 4.1% of DCA and 9.3% of PTCA patients; the remaining uses were presumably driven by the operator's desire to improve what was perceived as a suboptimal result of the assigned therapy. Procedure success (residual stenosis Ͻ50%, without death, Q-wave MI, emergent CABG, or emergency use of a bailout device) was obtained in 93% of DCA and 87% of PTCA patients (Pϭ.001).
Angiographic core laboratory analysis showed a significantly larger posttreatment lumen diameter (2.82Ϯ0.45 versus 2.33Ϯ0.49 mm; PϽ.0001) and a significantly lower posttreatment residual diameter stenosis (14.7Ϯ13.1% versus 28.1Ϯ13.0%; PϽ.0001) in patients assigned to DCA (Fig 1 top  and bottom) . In the DCA patients who underwent postdilation, most of this benefit was obtained by DCA (post-DCA diameter stenosis 21.4Ϯ17.1%), although further improvement was provided by balloon postdilation (reduction in diameter stenosis to 14.7Ϯ11.0%). This is compared with a residual diameter stenosis of 11.9Ϯ11.5% in the 94 lesions for which no postdilation was performed after what was perceived as an optimal result of stand-alone DCA. The goal of achieving a final diameter stenosis Ͻ20% by qualitative coronary angiography was obtained in 68% of patients assigned to DCA versus 26% of patients assigned to PTCA (PϽ.0001). Qualitative analysis of the final angiogram also showed fewer total dissections (6% versus 14%; Pϭ.0001) and fewer major dissections (NHLBI grades C through F, 2% versus 9%; PϽ.0001) in the DCA arm than in the PTCA arm, respectively. There was no difference in residual diameter stenosis in patients undergoing DCA with or without the aid of intravascular ultrasound (14.4Ϯ17.2% versus 14.7Ϯ12.4%).
Short-term Complications
The incidence of major complications is shown in Table 3 .
There was no significant difference in the incidence of death, Q-wave MI, or emergency surgery between the DCA and the PTCA arms (2.8% versus 3.3%; Pϭ.72). Perforation was seen in 1.4% of patients in the DCA arm and led to clinical sequelae in 0.8% (transient closure in one patient managed by emergent stenting, persistent closure of the distal right coronary artery in one patient, and two emergent surgeries including one for clinical pericardial tamponade).
BOAT confirmed earlier studies showing a greater incidence of elevation of cardiac enzymes after otherwise successful DCA procedures. Total CPK values were available for 97% of DCA and 97% of PTCA patients (CPK-MB data were available for 85% and 78% of patients, respectively) and showed elevation of CPK-MB above normal in 34% of DCA and 14% of PTCA patients (Fig 2) . Elevation Ͼ3ϫ normal was seen in 16% of DCA and 6% of PTCA patients, and elevation Ͼ5ϫ normal was seen in 9% of DCA and 4% of PTCA patients. The incidence of "larger" MIs (predefined as Q-wave MI, CPK-MB Ͼ8ϫ normal, or total CPK Ͼ3ϫ normal with missing CPK-MB data) was significantly higher for DCA than PTCA patients (6% versus 2%; Pϭ.002). These larger MIs were associated with angiographically evident complications in 38 (90.5%) of 42 patients, including 19 (45%) with inlaboratory abrupt closure or subacute closure within 24 hours, 12 (29%) with dissections of NHLBI grade C or worse, 10 (24%) with side-branch occlusions, 5 (12%) with "no reflow," and 4 (10%) with distal embolization or thrombus.
Angiographic Restenosis
A total of 9 patients in the DCA arm and 19 patients in the PTCA arm were ineligible for follow-up angiography due to periprocedural CABG (6 and 11 patients, respectively), death before scheduled follow-up (2 and 5 patients, respectively), or repeat revascularization within 3 months without evidence of restenosis (1 and 3 patients, respectively). Angiographic follow-up was obtained in 765 patients (79.6% of those eligible), Figure 1 . Baseline and acute angiographic results. Top, Cumulative distribution of reference vessel diameter and minimal lumen diameter (MLD) at baseline (Pre) and after final treatment (Post). Reference vessel diameter and preprocedural diameter were not different, whereas postprocedural diameters were significantly larger for DCA versus PTCA. Bottom, Cumulative distribution of percent diameter stenosis at baseline and after final treatment. Postprocedural diameter stenosis was less and significantly more patients achieved the "optimal" result (diameter stenosis Ͻ20%) in the DCA arm of the study (68% versus 26% in the PTCA arm).
Figure 2. Periprocedural myocardial creatine kinase (CK-MB).
Cumulative distribution of peak postprocedural CK-MB ratios (for each multiple of upper limit of laboratory normal, the percent of patients is shown whose peak CK-MB ratio exceeded that value). Any elevation of CK-MB (CK-MB ratio Ͼ1) and elevations of CK-MB Ͼ3ϫ normal were each more frequent after DCA than after PTCA. To examine the mechanism by which DCA provided its larger lumen diameter at angiographic follow-up, the shortterm gain produced by the initial intervention and the late loss between the intervention and late follow-up were analyzed ( Table 4 ). The short-term gain produced by DCA was significantly larger than that produced by conventional PTCA (1.76 versus 1.31 mm; PϽ.001). Despite the larger late loss that followed DCA (0.96 versus 0.66 mm; PϽ.001), the long-term net gain in lumen diameter produced by DCA remained greater than that produced by PTCA (0.80 versus 0.65 mm;
PϽ.01). The relation of late loss to short-term gain, or loss index (the slope of the regression line between short-term gain and late loss), was essentially identical for the two procedures (loss indexϭ0.51 versus 0.49, DCA versus PTCA).
This mechanism was investigated further in a multivariate linear model of late lumen diameter and a multivariate logistic model of late restenosis. Both models identified the immediate posttreatment minimal lumen diameter as the strongest predictor of a favorable late result (Pϭ.0001) and identified an association of LAD lesion location with a less favorable late result (Pϭ.007). Once these variables were included in the model, the treatment assignment (DCA versus PTCA) was no longer a significant predictor of either the late lumen diameter or the probability of angiographic restenosis.
Clinical Follow-up
By 1 year, there were three deaths in the DCA arm of the study (none within 30 days and three during follow-up) for a mortality rate of 0.6%. There were eight deaths (two within 30 days and six during follow-up) in the PTCA arm of the study, for a mortality rate of 1.6% (Pϭ.14). The circumstances of the late deaths are shown in Table 5 . There was no overall relationship between the elevation of periprocedural CPK and 1-year cumulative mortality rate (1.2% in patients with CPK Ͼ1ϫ normal, 1.0% in those with normal CPK) ( Table 6 ).
There was no difference in the incidence of Q-wave MI during follow-up between the DCA and PTCA arms (0 versus 0.4%; Pϭ.50) or in the cumulative incidence of Q-wave MI at 1 year (2.0% versus 1.6%; Pϭ.81) ( Table 7 ). The incidence of death or Q-wave MI during follow-up (0.6% versus 1.6%; Pϭ.14) and the cumulative incidence of death or Q-wave MI at 1 year (2.6% versus 3.3%; Pϭ.577) were thus no higher for DCA than for PTCA.
The incidence of repeat revascularization at 1 year was similar for patients assigned to initial DCA versus initial PTCA (25.4% versus 28.1%; Pϭ.65), which included CABG (2.8% versus 4.7%; Pϭ.13) or a repeat percutaneous procedure alone (22.5% versus 23.4%; Pϭ.76). When the prespecified secondary end point of clinically driven repeat revascularization of the initially treated target vessel (TVR) or target site (TSR) was used, the incidence of such events was 13% to 17% lower in the cohort assigned to initial DCA (TSR, 15.3% versus 18.3% 
17).
Kaplan-Meier estimates for 1-year overall survival, survival free from death or Q-wave MI, and survival free from TVF are depicted in Fig 4. 
Subgroup Analyses
The incidence of the primary angiographic end point was examined in angiographic and clinical subgroups. Among 185 LAD lesions assigned to DCA and 174 LAD lesions assigned to PTCA, the angiographic restenosis rates were 37% and 46%, respectively (Pϭ.086). In the 204 non-LAD lesions assigned to DCA and the 180 non-LAD lesions assigned to PTCA, the binary restenosis rates were 27% and 34%, respectively (Pϭ.149). For the 471 DCA and 432 PTCA patients who did not receive a stent, binary restenosis rates were 32% versus 43% (Pϭ.003).
Discussion Early DCA Trials
The two previous randomized trials (CAVEAT 1 and CCAT 2 ) that compared the short-and long-term results of directional atherectomy with conventional balloon angioplasty in the treatment of focal, de novo lesions of native coronary arteries showed that DCA was able to provide a slightly larger acute lumen diameter than PTCA (2.02 versus 1.80 mm in CAVEAT and 2.34 versus 2.10 mm in CCAT), corresponding to a slightly lower residual diameter stenosis (29% versus 36% in CAVEAT and 26% versus 33% in CCAT). It was disappointing, however, that there was little reduction in subsequent angiographic restenosis rates (50% versus 57% in CAVEAT and 46% versus 43% in CCAT) and that there were no reductions in clinical restenosis (33.7% versus 35.0% in CAVEAT and 30.1% versus 30.6% in CCAT). Although there was no increase in major short-term complications of DCA compared with PTCA in CAVEAT (death, 0% versus 0.4%; Q-wave MI, 2% versus 2%; emergency CABG, 3% versus 2%), there was nearly a doubling in the incidence of "other" MIs, including asymptomatic elevations 
Rationale for Optimal Atherectomy
After the release of the CAVEAT and CCAT data, questions were raised about whether the potential benefits of the DCA device might have been underestimated because of the way in which the DCAs were performed in these trials. The possibility was thus raised that had CAVEAT and CCAT used the alternative technique (now known as "optimal' atherectomy 6 ), the larger resulting acute lumens would have significantly reduced the incidence of subsequent restenosis compared with conventional balloon angioplasty.
The safety and efficacy of optimal atherectomy were first tested in OARS, 7 a 199-patient (213 treated lesions) registry of DCA procedures performed in native vessels at four participating centers in 1994. In OARS, 7F devices were used in 95% of procedures and postdilation in 87% of procedures to obtain a final minimal lumen diameter of 3.16 mm (7% diameter stenosis). Late angiographic follow-up in 83% of patients showed a restenosis rate (Ͼ50% by definition) of 29.6%. Clinical follow-up at 1 year showed one cardiac death (0.5%), no Q-wave MI, and a TSR rate of 17.8%.
To fully test the optimal atherectomy strategy, however, it was important to show that the technique could be applied by a more diverse set of centers and operators and that it could show a benefit compared with conventional balloon angioplasty in a randomized clinical trial format, which provided the impetus for BOAT. Before randomization was begun, each operator was encouraged to perform five consecutive pilot cases using the prescribed atherectomy strategy, leading to the 192-case pilot study reported recently. 8 On the basis of these favorable preliminary studies, the full BOAT trial (reported herein) was begun in May 1994 at 37 centers in the United States, Canada, and Europe. The 1000th patient was enrolled in November 1995. As the result of similar inclusion criteria, the baseline demographic and angiographic features of BOAT are generally comparable to those in CAVEAT.
BOAT patients assigned to the DCA arm of the study had a higher short-term lesion success rate (residual stenosis Ͻ50%, 99% versus 97%; Pϭ.02) and procedural success rate (lesion success without major complication, 93% versus 87%; Pϭ.001) than those assigned to conventional PTCA. This reflected the more common use of other bailout procedures in the PTCA arm (12% versus 5% in the DCA arm; PϽ.0001), which included stent placement in 9% of PTCA and 5% of DCA patients. Bailout procedures were adjudicated by the clinical events committee as having been done to avoid emergency surgery in 4.1% of DCA patients versus 9.3% of PTCA patients. The quality of procedural success was also greater in the DCA arm, with a larger posttreatment lumen (2.82 versus 2.33 mm; PϽ.0001), a lower posttreatment residual diameter stenosis (14.7% versus 28.1%; PϽ.0001), and a lower incidence of dissection at the treatment site (final dissection grade C or greater, 2% versus 9%; PϽ.0001). In total, 68% of the DCA patients (but only 26% of the PTCA patients) met the prespecified goal of a residual diameter stenosis Ͻ20% by qualitative coronary angiography. The short-term result was not enhanced in the 12.9% of DCA patients with intravascular ultrasound (diameter stenosis of 14.4% as opposed to 14.7% in patients undergoing DCA without intravascular ultrasound). The net benefit of this higher short-term success and larger acute lumen diameter was obtained without increasing shortterm complications. The incidence of death (0% versus 0.4%; Pϭ.25), Q-wave MI (2.0% versus 1.2%; Pϭ.45), emergency surgery (1.0% versus 2.0%; Pϭ. 21) , or any of these major complications (2.8% versus 3.3%; Pϭ.60) was no greater for patients assigned to DCA than for those assigned to PTCA. The only complication that was significantly greater in the DCA arm was the incidence of CPK-MB elevations after otherwise successful procedures. It has been recognized that such elevations of CPK-MB are common (they occur in up to 30% of patients) after DCA and other atherectomy procedures, 1, 16 but they are typically of low order (Ͻ3ϫ normal). The systematic collection of CPK and CPK-MB data for each patient in BOAT showed the expected higher incidence of any CPK elevation with DCA (34% versus 14%; PϽ.0001) and CPK-MB elevation Ͼ3ϫ normal (16% versus 6%; PϽ.0001), as had been reported in the randomized CAVEAT study (19% versus 8%).
In the prior CAVEAT study, patients who were randomized to DCA had a higher 1-year mortality rate than those randomized to PTCA (2.2% versus 0.6%; Pϭ.035), 13 which along with other retrospective studies of periprocedural creatine kinase elevation [17] [18] [19] [20] has raised concern about potential late deleterious consequences of DCA. The BOAT data differ from CAVEAT, however, in that the mortality rate at 1 year was actually somewhat lower in the DCA arm (0.6% versus 1.6%), owing both to lower 30-day mortality rates (0.0% versus 0.4%) and lower late-term mortality rates (0.6% versus 1.2%). There is thus no suggestion from BOAT that the "optimal" directional atherectomy technique is associated with any deleterious effect on 1-year survival. In fact, had creatine kinase elevations been causally related to late death, their twofold higher incidence in the DCA arm should have been associated with a higher (not the observed lower) incidence of 1-year mortality. Nor is there any suggestion (within the limits of a 1000-patient trial and 1-year follow-up) that low-order elevations in postprocedural CPK had any deleterious effect, given the similar 1-year mortality rates for patients with (1.2%) and without (1.0%) such elevations.
Mechanism of Restenosis Reduction
Prior studies have shown a link between larger acute postprocedural lumens, larger late lumens, and a reduced incidence of restenosis. 21 Angiographic follow-up in the BOAT trial showed a 20% relative reduction in angiographic restenosis (defined as late stenosis Ն50%), from 39.8% to 31.4% (Pϭ.016). This reduction is of the same magnitude as has been shown for the Palmaz-Schatz stent in the STRESS 14 trial, as would be expected given the similar posttreatment diameter stenoses for STRESS stenting (19%) and BOAT directional atherectomy (15%) relative to that of conventional balloon angioplasty (35% for STRESS and 28% in BOAT). This reduction in restenosis by DCA was obtained despite a larger late loss (0.96 versus 0.66 mm; PϽ.001). Prior retrospective data have suggested more late loss in DCA than in stent patients matched for short-term angiographic results, 22 but BOAT showed an identical loss index for DCA and PTCA (slope of the late loss to acute gain relationship, 0.49 versus 0.51). The importance of a large posttreatment minimal lumen diameter (rather than which device was used to achieve it) was confirmed in the multivariate models of late lumen diameter and the probability of late restenosis, with no further independent effect of device type (DCA versus PTCA). This mirrors similar findings in CAVEAT (DCA versus PTCA), as well as STRESS and Benestent (stent versus PTCA), supporting the concept that the benefits of both stenting and DCA derive primarily from their ability to produce larger lumens in the short-term than does PTCA.
Secondary Clinical End Points
Although the late angiographic outcome was the primary end point for BOAT, secondary late clinical end points were also prespecified. 23 There were 10% to 15% reductions (not statistically significant) in clinically driven TVR, TSR, and target-site failure (death, MI, or TSR). The TVR in the atherectomy arm of BOAT (17.1%) was roughly half that seen in CAVEAT 13 (33.7%). This low TVR rate for BOAT DCA is consistent with the 17% TVR rate in ABACAS 24 and the 18.9% TSR rate for DCA in NACI. 25 The difference in TVR rates between the BOAT treatment arms (DCA versus PTCA), however, was blunted by a parallel reduction in TVR rate for the angioplasty arm (19.7% for BOAT PTCA versus 35.0% for CAVEAT PTCA). This improvement in PTCA results is consistent with the lower residual stenosis (28% versus 36%) and the liberal use of bailout procedures (including stent [9.3%] and DCA [2.9%]) for BOAT PTCA compared with CAVEAT PTCA.
The difficulty in showing a statistically significant reduction in the secondary clinical revascularization end points (TVR and TSR) in BOAT might represent some degree of dissociation between the late angiogram and late clinical status. 26 The BOAT trial, however, was never powered adequately to show differences in the "noisier" secondary clinical end points, particularly once part of the potential benefit over PTCA was attenuated by the use of aggressive PTCA and bailout stenting. Such stent use was not present in earlier trials (eg, CAVEAT or CCAT), and clearly served to allow more aggressive dilation in BOAT. It effectively removed the patients with the highest residual postangioplasty stenoses and the highest probability of subsequent restenosis, explaining the observed reduction in TVR rate for PTCA (from 35% to 20%) between CAVEAT and BOAT. A similar pattern (ie, a less-pronounced difference in the clinical end point compared with the angiographic end point) has been reported in the Benestent II trial, in which stenting versus angioplasty (with provisional stenting in nearly 15% of patients) had a smaller than expected reduction in the combined clinical end point (from 15% to 19%).
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Study Limitations
The major limitation of the BOAT study is that the DCA technique has continued to improve, so that even this study may have underestimated the potential benefits of atherectomy. Thus, although BOAT/OARS atherectomy clearly removed more plaque and left a larger acute lumen diameter than the style of atherectomy tested in CAVEAT and CCAT, ultrasound analysis in OARS shows that 60% of the original plaque mass remained. By using careful serial intravascular ultrasound guidance, the ABACAS trial 24 left Ͻ40% of the original plaque mass with a corresponding further reduction in angiographic restenosis to 21% (compared with 29% in OARS and 32% in BOAT). Had intravascular ultrasound been used routinely in BOAT (rather than in 12.9% of patients, at the operator's discretion), more plaque removal and more striking clinical and angiographic benefits may have been observed.
A second potential limitation is whether the BOAT results represent outcomes obtainable by "rank-and-file" interventionists. Although the operators who participated in BOAT were clearly experienced atherectomy operators with an interest in the procedure, they were somewhat less experienced than the OARS operators and came from multiple centers (approximating the number that participated in CAVEAT). They would thus appear to constitute an appropriate mix of experienced operators.
The third limitation is lack of statistical significance for the reduction in late clinical events. In fact, the trial was powered for the angiographic restenosis primary end point, which was positive (20% relative reduction in angiographic restenosis; Pϭ.016). The pattern of 13% to 17% relative reductions in secondary clinical end points such as TVR, TSR, and TVF did not, however, reach statistical significance. One explanation is that the TVR rate observed for PTCA in BOAT (19.7%) is also markedly reduced compared with historical data (35% for CAVEAT PTCA). The availability of stents during the conventional BOAT PTCA procedures may have allowed operators to dilate lesions more aggressively, with the security of knowing that stenting would be available as a bailout device. This interim enhancement in the outcomes of the PTCA arm of the study, combined with insufficient power to detect differences in the noisier clinical end points, most likely explains the marginal benefit in late secondary clinical end points observed for DCA in BOAT.
Summary
Although the directional atherectomy catheter under study was fundamentally the same as that used in CAVEAT and CCAT, BOAT used a different technique that favored larger device size, more complete tissue removal, liberal use of balloon postdilation, and emphasis on leaving a postprocedural residual stenosis Ͻ20%. This application of "optimal" atherectomy technique achieved a significantly lower posttreatment residual stenosis than BOAT conventional balloon angioplasty, CAVEAT PTCA, or CAVEAT DCA. This was achieved with significantly higher procedural success and no increase in major complications. Although the incidence of CPK-MB elevation Ͼ3ϫ normal was higher for DCA, there was no suggestion of increased 1-year mortality compared with PTCA (0.6% versus 1.6%), suggesting that such elevations after otherwise uncomplicated procedures have no adverse consequences at 1 year. Although the larger acute lumen diameter provided by DCA in BOAT provided a significant 20% relative reduction in the angiographic restenosis primary end point, parallel 13% to 17% relative reductions in the clinical restenosis measures failed to reach statistical significance.
These findings should reassure operators who perform DCA that the procedure provides a safe and enduring alternative to conventional angioplasty in focal, de novo, noncalcified, native vessel lesions with reference diameters of 2.7 to 3.7 mm. The positioning of DCA relative to stenting is less certain because stenting may offer somewhat better outcomes, may be more broadly applicable, and may be easier to apply in situations in which either technique is possible. The differential results of CAVEAT and BOAT, however, highlight the need to refine the optimal technique for use of a new device before randomized comparison trials are begun.
